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Abstract 
The purpose of th is study was to determine if the complex ity and su rface area of a macrophyte's 
structure has an influence on i nvertebrate colon ization, and to determine the i nfl uence of two non­
native species on invertebrate colon izat ion.  Three plant arch itectures were compared. F loating leaved 
plants were represented by the fol lowing species: Nuphar /utea, Nymphaea odorata, and Brasenia 
schreberi. Moderately d issected leaved plants were represented by Potamogeton notans, and h ighly 
d issected leaved plants were represented by two non-native species, Myriophyllum spicatum and 
Myriophyllum heterophyllum. The number of invertebrates/g dry biomass and the number of 
i nd ividuals/m2, divers ity, even ness, and richness were calcu lated for comparison .  The density of 
invertebrates was sign ificantly d ifferent among the different plant architectu re types for both 
i ndividuals per m2 and i nd ividuals per/g d ry b iomass (ANOVA, F=33 .53,  P < 0.0001; ANOVA, F=194.41, P 
< 0.0001 ). The h ighly d issected m i lfo i l s  had the greatest density of ind ividuals per gram d ry plant 
b iomass compared to the moderately d issected plants, and the moderately d issected plants had a 
greater density of i ndiv iduals per gram dry mass than floating leaved plant. There were also d ifferences 
in  terms of i nvertebrate commun ity d iversity (H'). (ANOVA, F=17.08, P < 0.001 ). and r ichness (ANOVA, F 
= 35.52,  P < 0.001). but not evenness (ANOVA, F = 1 .83, P = .0961). When the number of 
i nvertebrates/g d ry plant b iomass was exami ned i n  lakes where the h ighly dissected plants were 
"rare/not observed", there was a lower density of i nvertebrates per gram dry biomass. This was 
sign ificantly lower than in lakes where the highly d issected plants were both "common" and "dominant" 
(ANOVA, F=3 . 3 1, P = 0.0393). Data analysis was strongly affected by the density of the ol igochaete 
Sty/aria and the amphipod Hyalle/a azteca, as evident in  the Pri nc ip le Component Analys is .  Parameters 
associated with the two axes, pr inc ip le component 1 and pr inc ip le component 2,  explained 86% of the 
variation in  epiphyt ic  i nvertebrate density. 
Introduction 
Role of Aquatic Macrophytes in Lakes 
Lentic ecosystems support a nu mber of dynamic biotic interact ions between plants, animals, 
and micro-organisms. These bio logical  components also affect and are affected by abiotic factors 
inc lud ing physical and chemical character ist ics such as l ight, nutrients, and pH .  An integral biotic 
component of lentic ecosystems i s  submerged vegetation (Carpenter and Lodge 1986). Submerged 
vegetation can have a large impact on the chemical  and physiological properties of a lake. They also 
i nfluence biotic factors such as macroinvertebrates, fish, and other macrophytes. Macrophytes also 
have importance as a habitat in aquatic systems as demonstrated by the diverse and abundant 
communit ies they support, which are often many degrees h igher than in unvegetated areas (Crowder et 
al. 1998). Macrophyte beds can contain several types of pr imary producers (macrophytes, epiphytes, 
and benthic algae) and also i nf luence lake structu re and function through mod ification of n utrient 
cyc l ing ( Barko and James 1998). Changes in the aquatic macrophyte commun ity, part icu larly those 
associated with exotic plant i nfestations, can drastical ly affect the function ing of lake ecosystems (Smith 
and Barko 1990; Madsen 1991) .  
Invasive Aquatic Macrophytes 
Invasive species are those wh ich establ ish a population, reproduce rapid ly, and displace native 
species (The Nature Conservancy 2003) .  An invasive species can be a native species that becomes 
locally aggressive; often th is  occurs due to h u man induced habitat change. An invasive species may also 
be non-native, as with a plant that has been accidentally or i ntentional ly d istributed outside of its 
h istoric range by h u man activities (The Nature Conservancy 2003) .  A non-native invasive species i s  one 
that is not only outside of its h istoric range but that continues to reproduce and displace native species, 
potential ly reducing the biod iversity of the area. Worldwide, it i s  estimated that 80% of species cou ld 
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suffer losses by competition with or predation by invasive species ( Pimental et al .  2005 ) .  About 5000 
terrestrial and aquatic plant species are naturalized in the United States, of which 10% are seriously 
invasive (US Congress 1993). Add it ional ly, quantitative evidence for potential changes i n  ecosystem 
processes and species diversity is miss ing for most of these i nvaders. Much of the data that has been 
compiled on the ecosystem properties affected by species introduct ion focuses on the more easi ly 
obtainable process information about physical and chemical characteristics such as salin ity, 
sedimentation, and evapotranspirat ion .  These factors are important and contribute to the 
u nderstanding of i nvader species impacts. H owever, quantitative data on the impact of plant i nvasions 
on biotic commun ities and biological health i s  frequently l imited i n  nature or  anecdotal i n  style. 
I ntroduced species often have no natural competitors in  the areas where they become 
established. Recent stud ies have ind icated that aquatic habitat can be altered by the i nvasion of a non­
native species (Boylen et a l .  1999).  The competitive nature of these non-native species can lead them to 
dominate the commun ities they invade, mod ify ecosystem properties, and change the environmental 
cond itions. As a result of these altered condit ions, the i nvader i s  able to out-compete the native species 
and i ncrease in relative abundance (Gordon 1998). Invasive species are frequently more productive 
than native species ( Hauxwell et al. 2004; Olqu i n  et al. 2007) and can successful ly vie for native plant 
resources (Cal laway et al. 2000) .  
The competitiveness of i nvasive species can be so powerful that an invasive macrophyte that 
has the capacity to invade and alter ecosystem properties can alter the composit ion and habitat qual ity 
of the native plant communit ies ( D'anton io and Vitousek 1992; Gordon 1998). The complexity of 
avai lable habitat i s  an important factor associated with the habitat's qual ity. A non-native macrophyte 
i nvasion has the abi l ity to cause the existing mixed macrophyte commun ity to be transformed i nto a 
commun ity that is far more homogenous i n  its species composition and structure ( Boylen et al .  1999), 
thus the habitat avai lable to epiphytic i nvertebrates is altered (Theel et al .  2008). 
3 
Plant Architecture 
Aquatic macrophytes can be grouped according to architecture classifications based on plant 
morphology. Architecture classification is centered on the n umber, morphometry, and arrangement of 
stems, branches and leaves ( Lill ie and Budd 1992) .  The i n herent d ifferences in the morphology of 
plants, the arrangement of plant parts, and their complexity determine the architecture. The number of 
plant architecture types exhib ited by a leaf, i ncl ud ing the varying complexity among types is what 
ultimately determines the total heterogeneity and complexity that materializes with i n  a developing 
macrophyte bed commun ity (D ibble et al .  2008 and Theel et al . 2008) .  Quantifying the complexity of a 
habitat is d ifficult, especially at small scales. This hu rdle has led to the development and 
implementation of architectural classificat ions or  ranges of complexity ind ices (Morgan 1980 and Sanson 
et al. 1995). The classifications categorize plant architecture type which allow for scientific analysis of 
different plant species based on s imi lar morphology and structure. 
Mil/oils 
Myriophyllum spicatum and Myriophyllum heterophyllum are widespread across the Un ited 
States and Southern Canada. They are generally found  growing in meso- to eutrophic lakes and grow i n  
muddy/organ ic substrates.  Variation among Myriophyllum species centers around variations i n  a 
p innately d issected leaf displayed in Figures 1 and 2 (Gerber and Les 1994). They are two aquatic 
i nvaders that have the potential to del iver  devastating ecological effects to the aquatic commun ities 
they i nvade. 
M. heterophyllum is native to Northern America, but only to specific regions. It is thought to 
have been spread to North America through human action, poss ib ly through d iscard after use as an 
aquariu m  plant. These plants can grow at explosive rates, with one M. heterophyllum fragment 
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potential ly mUltiplying into 250 m i l l ion  plants i n  one year ( Halstead 2001) .  It has a growth rate of about 
2.5 cm per day in favorable cond it ions once rooted. This potent abi l ity to grow and spread leaves M. 
heterophyllum with the capabi l ity to reach up to 5.5 meters in  length and create a mat- l i ke canopy 
across lentic su rfaces. 
The senescence and decay of dense M. spicatum ( F igure 3)  and M. heterophyllum ( F igure 4) 
mats cause n utrient load ing which decreases the d issolved oxygen content in  the system, which can 
in itiate a decrease in the qual ity of habitat avai lable for use by other aquatic organisms. Condit ions in  
dense macrophyte beds may u lt imately result in  anoxia and the associated changes in  redox conditions 
at the sed iment su rface (James et a l .  1996) .  The detrimental effects of invasive aquatic plants also 
extend to humans, with dense growth i nterfer ing with water based recreation, d isruption of the use of 
waterways for water flow, i r rigation and dr inking water, as wel l  as contributing to flooding (Newroth 
1985; Boylen et al .  1999). 
Dense growth also shades out the native vegetation's avai lable sunlight (Aiken et al .  1979).  This 
i s  a very important factor  associated with the abi l ity of these two mi lfo i l  species to rapidly spread and 
dominate given that l ight i s  the most important factor contro l l i ng  the d istribution of macrophytes. By 
shading out the sun l ight available to native species, mi lfo i l s  in  effect smother the abi l ity of native 
species to grow and reproduce. The effect is exaggerated by both species having a higher tolerance for 
cold temperatures, al lowing for growth ear l ier  in the season than for native species and thus blocking 
avai lable sun l ight and i nh ibit ing the growth of other macrophytes. 
M i lfoi l  i nfestations not only reduce the abu ndance and diversity of l i ttoral zone 
macroinvertebrates but are also associated with an overpopulation of centrarchid fish and impairment 
of the abi l ity of other species of fish to spawn i n  the l i ttoral zone (Aiken et a l .  1979; Engel 1995; 
Chreuve l i l  et al . 2001) .  M i lfoil also has been documented to reduce native p lant species richness and 
d iversity. Boylen et al . ( 1999) fou nd that over a period of just 3 years a natural bed with a mi lfo i l  
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infestation reduced the number of other p lant species from twenty to n i ne.  Over the 11 year period of 
study, 13 of the native species were e l im inated from the study area. Species richness per quadrant in  
the i nfested bed went from a n  average of 5 .5  species to 2 species per  quadrant, with one of  those 
species always being m i lfoi l, consequently homogen izing the entire a rea of study. 
Invertebrates/Epiphytic Invertebrates 
Quantify ing the condition of the bio logical commun ity associated with macrophytes in a lake 
can provide va luable information about how habitat condit ions a re affecting the biotic commun ity 
(Haugerud 2003) .  Lentic i nvertebrates that a re epiphytic on macrophytes are critical to mainta in ing 
ecosystem health because many consume bacteria, periphyton and detr itus and  a re responsib le for a 
s ign ificant proport ion of the secondary production that occurs i n  l ake ecosystems through detrital food 
cha ins ( Davis and Chr istid i s  1997; Haugerud 2003). Aquatic i nvertebrates a lso function as important 
prey items for fish and waterfowl (Davis and Christid i s  1997 ) .  The term epiphytic invertebrate refers to 
invertebrates that l ive on and around an aquatic macrophyte. Ep iphytic i nvertebrate d iversity can be 
used as an ind icator of ecosystem hea lth and biod iversity (Haugerud 2003) .  I nvertebrates a re especia l ly 
sensitive to changes i n  the ecosystem because they cannot easi ly escape changes in water qual ity (Davis 
et a l .  1999). In addition, invertebrate populat ions contribute considerably to fauna l  biomass (Davis and 
Christid i s  1997). Characterizing the epiphyt ic invertebrate community of an ecosystem is  important 
because chemical and physical d istu rbances can be quantified, but those d istu rbances can not measure 
how or if the biological commun ity is being affected. 
Epiphytic invertebrates a re sensit ive to a wide range of stressors and have h igh popu lation 
turnover rates, as  well as  l i n ks to h igher troph ic levels, such as  fish and waterfowl ( Davis et al .  1999). 
There are a number of stressors that could occur with in  a lake ecosystem and affect ep iphytic 
i nvertebrate populations. Habitat a lterat ion, sed imentation, nutrient en richment, hydrologic 
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modification, and herbicides can a l l  have negative impacts on the biology of a lake. Each one of these 
stressors can potentia l ly  be caused or  i nduced by an i nvader plant.  Ana lyzi ng the populations of 
epiphytic i nvertebrates revea ls long term trends in lake habitat condit ion and qual ity. Analys is  can also 
be used to i l l ustrate the importance of protect ing commun ities through conservation efforts and the 
mon itoring of i nvasive plant movement. 
Invertebrate Colonization 
Macrophytes with h igh surface a rea have both i ncreased habitat complexity and increased 
colonizable a rea for invertebrates. Most aquatic epiphytic i nvertebrates show some type of substrate 
association or  preference ( M i nsha l l  1984) .  Th is  preference may be based on substrate complex ity. I n  
lentic environments, aquatic macrophytes genera l ly  support a h igher density o f  i nvertebrates t h a n  other 
types of substrates, especia l ly  unvegetated a reas. Fewer i nvertebrates inhabit unvegetated a reas 
because of lower dissolved oxygen concentrations, decreased accumu lation of organ ic  matter, and 
decreased environmental heterogeneity lead ing to greater predation pressure on the i nvertebrates 
(Ka lff 2002) .  The greatest epiphytic invertebrate densities are usua l ly found in vegetated areas that are 
structural ly heterogeneous, in other words, consist ing of many a rch itecture types (Brown et a l .  1988). 
Increased densit ies a lso a re found on plant species that have a large surface a rea as  wel l ,  s i nce 
i ncreased surface a rea i s  a characteristic of more complex plant structures (Chi lton 1990). 
Macrophyte-dwel l i ng  invertebrates are important consumers of materia ls  and energy in l akes 
(L im and Fernando 1978). Many lentic herbivores benefit from the additional substrate provided by 
submerged macrophytes to periphytic a lgae (Jones et al .  2000) .  Fresh tissue of macrophytes can also be 
important in  the d iets of some herbivores (Korn ijow 1996).  After senescence and death, epiphytic a lgae 
and macrophytes become avai lable as  a food source to sh redders and deposit feeders (Korn ijow 1996). 
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Popu lation estimates of lentic epiphytic i nvertebrates are notoriously variable ( Downing, 1984) .  
Macrophytes can be patch i ly  d istri buted throughout lake environments. Epiphytic invertebrates show 
large plant to plant variabi l ity due to predation, periodic macroinvertebrate emergence, fl uctuations i n  
i nvertebrate food supply and appearance o f  new i nvertebrate broods (Gaufi n e t  al. 1956; Machek 1966; 
Soszka 1975) .  Macrophyte-dwel l ing i nvertebrates also tend to have a non-uniform d istribution on 
macrophytes. These three patterns of d istri bution compound the h igh degree of spatial variation found 
among epiphytic invertebrate commun it ies (Wong and C lark  1979). 
Down ing (1986) found that correlat ions between macrophyte species and macroinvertebrate 
popu lations were much stronger when macrophyte species abundances were considered i nd ividual ly .  
Th is  supports the idea that aspects of macrophytes other than crude biomass determine the suitability 
of macrophyte substrates for i nvertebrate colon ization ( Downing 1986). These other aspects have often 
been theorized in  l iterature to i nclude plant su rface area and architecture type (Cheruve l i l  et al. 2000) .  
Aquatic vegetation influences the commun ity dynamics of aquatic i nvertebrates by impacting 
colonizat ion patterns (de Szalay and Resh 2000), d istribution ( Beckett et a l .  1992), and trophic 
relationships (de Szalay and Resh 1996). Use of submerged macrophytes as habitats by i nvertebrates 
can also vary according to the composition, b iomass, and productivity of an ind ividual plant (Carpenter 
and Lodge 1986). 
Invertebrate Colonization on Plants with a Highly Dissected Leaf Structure 
The structural complexity of a habitat has often been cited as an important factor i nfl uencing 
the d iversity of associated communit ies ( Hutson 1994). A more complex habitat provides a wider range 
of n iches and thus a h igher number of species that can potential ly occupy that habitat within a given 
area (MacArthur  1965; May 1972; Cheruve l i l  et al .  2000) .  Macrophytes with complex morphology, 
consist ing of a more f inely d ivided leaf structure, such as M. spicatum and M. heterophyllum, should 
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support a greater abundance and d iversity of macroinvertebrates (Heck and Orth 1980) .  Increased 
complexity provides greater substrate su rface area and becomes more densely inhabited by 
macroinvertebrates compared to less complexly structured plants (Krecker 1939; Dibble et a l .  1996). 
This re lationsh ip occurs because f inely d issected leaves provide more habitat for colonization, more 
epiphyton for grazing i nvertebrates and addit ional  spatial  complexity provid ing for better predator 
refuge (Cheruve l i l  et al. 2000) .  However, Cyr and Down ing ( 1988) found no statistical difference in 
macroinvertebrate abundance by leaf d issect ion type across mUltiple lakes. 
Architecture type has been used to explain some of the variation in i nvertebrate abundance, 
with p lants having f inely d issected leaves such as  M. spicatum and M. heterophyllum, supporting more 
invertebrates than broader leaved undissected plants. This concept has been documented in recent 
studies .  Cheruve l i l  et a l .  ( 2000) used M. spicatum as an example of a h ighly d issected plant and found 
that d issected plants ha rbored h igher densities and biomass of macroinvertebrates than broader leaved 
plants of the Potamogeton family. No sign ificant d ifference was identified among plant species with i n  
the same arch itecture type group. Addit ional ly, Schmude e t  a l .  ( 1998) observed greater abundance and 
richness with substrates of i ncreas ing complexity. 
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Research Objectives 
The central region of New York State's Adirondack Park is experiencing an i ncrease of both M. 
spicatum and M. heterophy/lum popu lations. These aggressive aquatic i nvaders have the potential to 
ecologically devastate the protected area that they are infesti ng. The New York region has been 
traditionally dominated by a d iverse group of macrophytes with various architectu re types represented, 
creat ing a varied habitat for aquatic epiphytic invertebrates (NY Department of E nvironmental 
Conservat ion 2006). The objective of this study was to determ ine i f  the h ighly d issected mi lfoi l  species 
invading this region harbor stat istical ly d ifferent populations of lentic epiphytic invertebrates than the 
architecture types of some common native plant species. 
Many of the native plants of the Ad i rondack region are "floating leaved" plants. These plants 
have long leaf stalks that reach to the lake bottom where they attach to a long creeping root that is 
anchored in the sediment (Kartez 1999) .  Examples of th is  plant type are Brasenia schreberi 
(Watershield, Figure 5) and Nymphaea odorata ( F ragrant water l i ly, F igure 6) .  Another p lant 
architecture type common in  the Ad i rondack region i s  a polymorphous type, with leaves on the surface 
of the water being very e l l i ptical and broad, though st i l l  longer than wide, and leaves below the water 
su rface that are long and lance shaped, with pointed t ips. Examples of th is  plant architecture include 
many members of the Potamogeton family, such as Potamogeton natans ( F loating pondweed, Figures 7-
8). 
The above plant types are quite d ifferent from the submersed, f inely d issected structure of both 
M. heterophy/lum and M. spicatum (F igures 9-10). These differences in plant architecture could lead to 
d ifferences in aquatic invertebrate commun ities that are associated with each plant type. For every 
gram of plant biomass, the fi nely dissected plant architectu re type has more su rface area than the flat 
broad leaves typical of vegetat ion l i ke N. odorata and B.  schreberi, and also more than P. natans. The 
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n umber of leaves present u nder the water su rface ranges from few to none on floating leaved plants to 
possibly hundreds of leaflets under the su rface on Myriophyllum plants. 
The Myriophyllum species are much more complex in their habitat structure and should harbor 
a greater abundance and d ivers ity of invertebrate species. However, in  h ighly i nfested areas it is 
possible that invertebrate popu lat ions may be homogenous because of poor water qual ity caused by an 
over abundance of the h ighly d issected Myriophyllum plants. Add it ional ly, the floating leaved plants 
(wh ich i nclude the l i ly and the watershie ld) should harbor the least d iverse and lowest abundance of 
organ isms due to their low habitat complexity. With very l ittle subsurface plant area below the water, 
the float ing leaved macrophytes present l ittle in the way of refuge from predators or in providing 
colon izable surface area to invertebrates. Thus, the moderately d issected P. natans has more 
u nderwater surface area than floating leaved plants, but significantly less than the h ighly d issected 
m i lfoil species. This moderate amount of subsurface colon izable area and moderate complexity should 
provide for more d iverse and abundant communities of i nvertebrates than floating leaved plants, but 
less than the h ighly dissected m i lfo i l s .  
Though they may provide more habitat space for i nvertebrates, large monotypic beds of 
Myriophyllum can deplete d issolved oxygen levels and provide a homogeneous substrate. Areas where 
submerged aquatic vegetation is dominated by Myriophyllum may have decreased water quality which 
may impact colonizat ion negatively. In addition, with only one substrate type avai lable there may be 
less d iverse epiphytic i nvertebrate popu lat ions due to a lack of varied habitat. I nvertebrates that prefer 
d i ssected substrate cou ld dominate wh i le i nvertebrates that prefer colon ization on more s imple 
substrates may be absent. As such, th is  hypothesis excl udes lake habitats i n  which m i lfoi l  infestation i s  
heavy. I n  cases where mi lfoi l  i nfestation i s  heavy, it i s  hypothesized that moderately d issected plants 




E ight lakes were selected i n  the central Adirondack region of New York, i n  Essex and Hami lton 
counties (Figure 1 1) .  Each of the lakes had varying levels of mi lfoil i nfestation categorized into three 
groups: dominant, common, and  rare/no observed m i lfo i l .  Epifauna l  sampl ing of the th ree a rchitecture 
types (floating leaved, moderately d issected, and highly d issected) took place in July and August 2007. 
Floating leaved samples were represented by the fol lowing species: Nuphar lutea (Figure 12). 
Nymphaea adorata, and Brasenia schreberi. Moderately d issected leaved plants were represented by 
Potamogeton natans, and h ighly d issected leaved plants were represented by the two non-native 
species, M. spicatum and M. heterophyllum.  Sampl ing occurred in homogenous beds of each plant type. 
Each p lant type was sampled i n  every l ake where it was observed . Floating leaved plants were present 
in a l l  eight of the lakes sampled, moderately d issected plants were sampled in five lakes, and highly 
d issected p lants (m i lfo i ls )  were sampled in 5 lakes (Table 1 ) .  
A 30x20x10 cm Down ing Box  col lector ( Downing 1984, Figure 13 )  was  constructed of  plexiglass 
and  neoprene and used for invertebrate sampl ing i n  order to enclose both macrophytes and associated 
epiphytic invertebrates without the d istu rbance to the plants or  an ima ls  associated with nets or c l i pping 
(F igures 14-15) .  The smooth plexiglass su rface and neoprene sealing ensured no risk of losing sma l ler  
organ i sms th rough mesh or net holes .  Smal l  samples of enclosed invertebrates can be used to reveal 
quantitative relationsh ips between a ni ma l  numbers and plant biomass ( Down ing 1986). The box 
enc loses even mobile organisms with out d isruption and samples are of a constant volume (6  L). The 
box was gently c losed around the macrophytes, the stems were cut and the sample brought to the 
surface ( Downing 1986). Organisms were removed from the macrophyte surface by filter ing th rough a 
2 50-�m sieve and preserved i n  70% isopropyl a lcohol. 
Macrophytes were sea led in plastic bags with moist paper towels .  In the lab they were pressed, 
d ried at 80 C, and weighed to determine their mass to u ltimately provide data on the nu mber of 
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i nvertebrates/g d ry biomass for each architecture type. Surface area of mi lfoi ls was ca lcu lated us ing 
surface a rea to dry biomass convers ion factors found in  the literature (Sher-Kau l  et a l .  1995) .  Floati ng 
leaf su rface a rea was calcu lated using a photocopy method ( Brown and Manny 1985) .  For each of the 
floati ng leaved species, the leaves were spread evenly between two plastic sheets and photocopied. 
The stem was treated as  a cyl inder.  The photocopies were weighed and then su rface a rea was derived 
from the weight to area relat ionship for the copy paper. The surface a rea of species with a moderately 
d issected a rch itecture was ca lcu lated through a combination of methods. The photocopy method was 
used on the e l l iptical sha ped leaves, whereas the rest of the plant surface a rea was calcu lated by hand 
with the stem treated as a cyl inder and the longer  submerged lance-l i ke leaves as  rectangles. Su rface 
a rea for 15 plants of varying masses for each species was then plotted aga i nst dry biomass to determine 
a convers ion factor for grams d ry b iomass to cm2 su rface a rea (Figs. 16-19) .  
I n  the field, p lant stems were counted i n  0 .25 m2 quadrants to determine plant dens ity i n  the 
beds. Water qua l ity data, inc lud ing tota l phosphorus, pH, d issolved oxygen and conductivity were 
provided by the Hami lton County Soi l  and  Water Conservation District. 
Macroinvertebrates and zooplan kton associated with i nd iv idual  p lants were identified to the 
lowest possible taxonomic level with the a id of several taxonomic keys ( Needham 1903; Pennak 1989; 
Merritt and Cummins  2008). Ind iv iduals of the fam i ly Ch i ronomidae were mounted on s l ides a nd 
identified to genus us ing Merritt and Cummins  ( 2008) .  
I nvertebrate densities for i nvertebrate i nd iv idua ls/m2 and invertebrate i nd iv idua ls/ g dry p lant 
biomass were calcu lated for compar ison.  Rich ness, d iversity, and even ness were calcu lated using R 
software. Two-way ANOVAs were used to determi ne d ifferences i n  invertebrate dens ity, r ichness, 
diversity, and evenness. ANOVAs were performed us ing SAS 9 .1 .  Pri ncip le Component Ana lysis ( PCA) 
was performed on the species densities us ing PC-ORD. 
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Results 
Invertebrate Community Structure 
The density of invertebrates was significantly different among the different plant architecture 
types (ANOVA, F=33.53, P < 0.0001). Invertebrate density was significantly lower on floating leaved 
plants (344 individuals/m\ when compared to both moderately and highly dissected leaved plants (906 
and 1828 individuals/m2, respectively; Table 2). Though highly dissected leaved plants had a higher 
number of individuals/m2 on average, this was not significantly different from the moderately dissected 
leaved plants (Figure 20). 
All plant architecture types were significantly different from each other in invertebrate biomass 
(ANOVA, F=194.41, P < 0.0001; Table 2, Figure 21). The highly dissected milfoils had the greatest density 
of individuals per gram dry plant biomass compared to the moderately dissected plants, and the 
moderately dissected plants had a greater density of individuals per gram dry mass than floating leaved 
plant. For all plant architecture types the number of individuals per m2 exceeded the number of 
individuals per gram of dry plant biomass. 
Invertebrate community diversity (H') ranged from 1.7 to 2.1, with an ANOVA showing 
significant differences existing among the different plant types (ANOVA, F=17.08, P < 0.001; Table 2). 
Diversity was significantly lower in the floating leaved architecture group compared to both the 
moderately and highly dissected leaved architecture groups, whereas, there was no significant 
difference in diversity between the moderately and highly dissected leaved plants (Figure 22). 
There were also significant differences among plant types in terms of invertebrate species 
richness. Richness was significantly higher in the highly dissected leaved plants than in both the 
moderately dissected leaved plants and the floating leaved plants (F = 35.52, P < 0.001; Table 2, Figure 
23). However, a significant difference did not exist between the floating leaved plants and moderately 
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dissected leaved plants, though floating leaved plants had a slightly higher mean richness than 
moderately dissected plants (floating leaved plants: 8.9; moderately dissected plants: 7.9). 
Species evenness did not significantly differ among any of the plant types (F = 1.83, P = .0961; 
Table 2, Figure 24). Each architecture group had an invertebrate species evenness of approximately 
0.82. 
No interaction between the level of highly dissected plant infestation and the plant architecture 
type was discernable for any of the measured invertebrate community characteristics. However, when 
the level of highly dissected plant infestation was analyzed alone, some significant differences were 
identified. When the number of invertebrates per gram dry plant biomass was examined in lakes where 
the highly dissected plants were "rare/not observed", there was a lower density of invertebrates per 
gram dry biomass. This was significantly lower than in lakes where the highly dissected plants were both 
"common" and "dominant" (F =3.31, p = 0.0393). Invertebrate densities per gram dry plant biomass by 
Myriophyllum infestation level are presented in Table 3 and in Figure 25. 
Invertebrate diversity was significantly higher in lakes that had an abundance of highly dissected 
plants than in lakes with rare/no observed highly dissected plants. In all other measurements the 
infestation level of the highly dissected plants showed no significant differences among lakes in terms of 
infestation levels (Table 3, Figure 26). 
Invertebrate Taxonomic Composition 
Data analysis was strongly affected by the density of the oligochaete Stylaria and the amphipod 
Hyallela azteca, as evident in the Principle Component Analysis (PCA, Figure 27). In Figure 27, each 
point represents an invertebrate species abundance and the different shaped points indicate which type 
of plant that species was found on. PCA transforms multidimensional data into two-dimensional space. 
Parameters associated with the two axes, principle component 1 and principle component 2, explain 
much of the trends in the invertebrate data. Principle Component 1 accounted for 50% of the variation 
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in epiphytic invertebrate density on plants (number of individuals/ m2 of plant surface area) (Table 4). 
Principle component 2 accounted for 36% of the variation in invertebrate density based on plant 
architecture. Together the two axes accounted for 86% of the variation in epiphytic invertebrate 
density. The density of Stylaria (r2 = 0.99), copepods (r2 = 0.32), and cladocerans (Chydoridae: r2 = 0.44; 
Macrothrycidae: r2 = 0.47; and Sididae: r2 = 0.58) were the taxa most highly correlated with the first axis. 
All of those taxa are non-insects. All insects had lower correlations with principle component 1, among 
the highest being the chironomid Dicrotendipes (r2 = 0.27) and the odonate Somatachloro (r2 = 0.22). 
The second principle component was based almost entirely on the density of Hyallela azteca (r2 
= 0.99). The next highest correlation with principle component 2 was r2 = 0.22 for the hydroptilid 
trichopteran Oxyethira, which was the most abundant trichopteran collected). Because non-insects, 
including especially the species H. azteca and S. lacustris, had such a great effect on the two axes, 
ANOVA was used to investigate whether these particular taxa occurred in significantly different densities 
across plant architecture types. 
Oligochaetes 
The density of S. lacustris was not significantly higher on dissected plants compared to 
moderately dissected plants, whereas both types of plants supported a higher density of this naidid 
oligochaete than did floating leaved plants (Fig. 28; ANOVA, F = 17.44, P < 0.0001). Additional 
information on oligochaetes, molluscs, and water mites are presented in Table 5. 
Insects 
Mean densities of all insect taxa on the macrophytes are presented in Table 6. The abundance 
of the chironomid Dicrotendipes was significantly higher on dissected plants than on floating plants (F = 
6.10, P = 0.0028), though not significantly higher than on moderately dissected plants. Its density on 
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moderately dissected plants was significantly higher than on floating leaved plants (Fig. 29) .  Dissected 
plants also supported significantly higher densities of the odonate Samatachlara compared to both 
floating and moderately dissected plants (F = 5 . 13, P < 0.007; Fig. 30).  Pondweed had the highest 
numbers of the damselfly Enallagma (Fig. 31) , and was significantly higher than floating leaved plants 
but not milfoils, nor were the milfoils significantly different from the floating plants (F = 8.03, P = 
0.0005). The density of the trichopteran Oxyethira (Fig. 32) ,  was significantly higher in dissected plants 
than in moderate and floating plants, but floating plants were not significantly different from 
moderately dissected plants (F = 5 .45, P = 0.0052) .  
Crustaceans 
Hyallela alteca, which had the highest overall correlation with the axes in the PCA analysis, had 
significantly greater density on dissected plants, with densities on the floating and moderately dissected 
plants not significantly different from each other (F = 5 .77, P < 0.0038). Hyallela alteca averaged 204 
individuals/m2 on dissected plants compared to 14 individuals/m2 on floating plants and 24 
i ndividuals/m2 on moderately dissected plant (Fig. 33; Table 6). 
For the cladoceran families Macrathricidae (Fig. 34) and Chydaridae (Fig. 35), densities on 
dissected plants were significantly greater than on flQating and moderately dissected plants 
(Macrothricidae: F = 18.49, P < 0.0001; Chydoridae: F = 22 .91, P < 0.0001). However, the family Sididae 
had a significantly higher density on moderately dissected and dissected plants than on floating leaved 
plants (F = 13.52,  P < 0.0001, Fig. 36), though moderately dissected and dissected plants were not 
significantly different than each other. 
Other Taxonomic Observations 
Of the 65 different types of invertebrates present, highest densities occurred on milfoils for 38 
of the invertebrate taxa present. Moderately dissected leaved plants supported the highest densities of 
16 of the taxa and floating leaved plants supported the highest densities of 10 taxa. Thirteen taxa were 
only present on d issected plants, compared with 4 only present on floating leaved plants and only one 
taxon present solely on moderately d issected plants. Despite the number of taxa that were unique to 
each type of plant group, there were also similarities in the taxonomic composition of the 
macroinvertebrate communities they supported. Floating leaved and the moderate d issected 
architecture groups were the most similar in their macroinvertebrate communities, with a Sorensen 
quotient of similarity of 66%. Floating leaved plants were similar to the highly d issected architecture 
type with a 65% quotient of similarity, followed by highly d issected and moderately d issected plants 
having the lowest quotient of similarity at 53% (Table 8). Floating leaved plants likely had high quotient 
of similarities with both groups due to the low number of "unique" species it harbored. 
Discussion 
Invertebrate Community Structure 
Highly dissected plant architecture types harbored a greater density of epiphytic invertebrates 
per m2 of plant surface area as was hypothesized. However, this difference was only statistically 
significant between the floating leaved group and the highly dissected group; there was no significant 
diffe rence between the moderately and highly dissected architecture groups in terms of invertebrate 
density per surface area of the plants. The moderately dissected plant architecture group also had a 
significantly higher density of invertebrates than the floating leaved group. This suggests that the 
surface area of the dissected plants and moderately dissected plants are more similar to each other than 
previously thought, whereas both architecture types are very different from the floating type. Epiphytic 
invertebrate density trends downward with decreasing plant complexity. The densities found in this 
study were much lower than those found in other studies of invertebrate - macrophyte relationships 
(Peets et al. 1994; Phillips 2008). This is difficult to explain due to the lack of other studies in the 
geographical location of this study and some differences in plant species sampled. 
The results were slightly different when invertebrate density per gram dry biomass of plants was 
analyzed rather than per plant surface area. For density of invertebrates per gram dry biomass, each 
plant type was significantly different from the other plant architecture types. This suggests that using 
biomass rather than surface area elucidates more differences in invertebrate use of different 
macrophytes. Biomass may be a more sensitive test than using surface area as the unit of distribution. 
This illustrates the high surface area to biomass ratio of highly dissected plant structures like that of 
milfoils. In highly dissected plant architecture types, each gram of dry biomass contributes more 
colonizable area than a gram of moderately dissected or floating leaved plants. 
The complex, highly dissected plant type is a more efficient provider of habitat space, supplying 
more surface area within a unit of biomass. Therefore because each gram of highly dissected plant 
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contains more colonizable area, i t  should and does have more epiphytic invertebrates associated with it. 
This contributes to the explanation of why the density of invertebrates per surface area of highly 
dissected and moderately dissected plant types was not significantly different from each other. Each 
gram of moderately dissected plant type has a lower surface area than the highly dissected plants per 
unit of biomass, which contributes to lower habitat space and, as a result, fewer individuals associated 
with the macrophytes. 
The distribution of individuals per biomass and density both follow the same hierarchical 
pattern despite the lack of significant differences in density of individuals per plant su rface area 
between the two dissected plant types. Higher densities of invertebrates occurred on highly dissected 
plants, less so on moderately dissected plants, and lowest on floating leaved vegetation. 
Epiphytic invertebrate species diversity on moderately and floating leaved plants was similar. 
However, the highly dissected plants had a significantly higher Shannon Diversity Index than did both of 
the other architecture groups. The highly dissected plants' complex architecture seems to harbor more 
species than the more simple architectures of the moderately dissected and floating leaved groups. 
Potentially this is because the highly dissected plant architecture type provides multiple habitats (i.e. 
whorls, stems, and leaflets) in addition to more colonizable space. 
Species richness in the highly dissected architectures was nearly double that of the floating 
leaved and moderately dissected groups. Thomaz et al. (2009) and Taniguchi et al. (2003) both 
described increasing invertebrate species richness with increasing macrophyte complexity. Taniguchi 
(2003) found that species richness is more impacted by the diversity of habitats available than by 
colonizable space or even food resources. The results of this study are thus consistent with previous 
literature in suggesting that architecture type and complexity does affect the richness of invertebrate 
communities colonizing aquatic vegetation. 
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Evenness of the epiphytic invertebrate community varied little across all plant types and all 
levels of milfoil infestation. For every architecture type at every level of analysis, evenness was 
approximately 0.8, with relatively little variation among architecture types or highly dissected plant 
abundance. Evenness theoretically ranges from 0-1, with the higher scores, as found in this study, 
indicating species are represented by the same number of individuals. 
Many of the measured characteristics of the invertebrate community were nearly identical 
between moderately dissected and floating leaved plants, with the exception of invertebrate density. 
This was true of richness, diversity, and evenness, though as discussed evenness varied little in all 
sampling. This may suggest that the moderately dissected plants, though architecturally different, are 
not significantly more complex than the floating leaved plants. The submerged lance like leaves of the 
pondweed may be a similar habitat to the long thin stems of the floating leaved vegetation. 
The highly dissected plant architecture group appears to provide a better habitat than the other 
plant architecture groups. Abundance, richness and diversity were all higher on the highly dissected 
plants than on both the moderately dissected and floating plant groups. The values for all community 
characteristics trended upward with increasing habitat complexity. 
However, when these characteristics were analyzed according to the abundance . of highly 
dissected plants (Table 5), the floating leaved plants had the highest density of invertebrates in lakes 
where highly dissected plants were common rather than rare or not observed. The density of 
invertebrates was lower in samples from lakes where highly dissected plants were dominant. 
Nevertheless, invertebrate density still remained higher than in lakes where there were rare or no 
observed representatives of the highly dissected plant architecture group. Additionally, increasing 
epiphytic invertebrate abundance was positively correlated with moderate milfoil infestation but did not 
have an associated increase in diversity. The increase in richness was slight and not statistically 
significant. It thus appears that the increase in invertebrate density had no impact on species richness 
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or diversity. Invertebrate species homogenization did not occur in the presence of dominant, highly 
dissected plants as hypothesized. 
Moderately dissected plants from lakes in which highly dissected plants were dominant had a 
large increase in invertebrate densities and slight increases in richness, evenness, and diversity 
compared to moderately dissected plants from lakes where there was no observed, rare, or common 
highly dissected plants, though these were not statistically significant. Floating leaved plants showed 
similar results; in lakes where the highly dissected plant type was dominant there was an increase in 
invertebrate density on floating leaved vegetation, but no paired significant differences in the other 
community taxonomic indices. 
Highly dissected plants from lakes where those species were dominant had higher densities of 
individuals, were more diverse, and had slightly higher taxonomic evenness than highly dissected plants 
from lakes in which they were only common. A possible basis for this observation is the density of the 
plant stand. A dense plant stand can cause increased complexity because dense mats of highly 
dissected plants develop. These thick and tangled mats make it difficult for predators to locate 
invertebrate prey (Brown et al. 1988). As a result, these dense stands of complex plants are an excellent 
refuge for invertebrates. Species richness decreased slightly, but not significantly, and therefo�e there is 
no strong indication that invertebrate populations homogenize in highly dissected macrophyte beds as 
found in some previous studies (Brown et al. 1988; Sioey et al. 1997).  
Out of the 65 invertebrate species collected among all samples and all plant types, the highly 
dissected plant architecture group had the greatest density of individuals per plant surface area for 38 
species. Moderately dissected plants followed with greatest abundance of 16 species, whereas floating 
leaved vegetation had the greatest density of only 4 of the 65 species collected. Of significance, the four 
species that were greatest in the floating leaved vegetation were each unique to that vegetation, 
perhaps indicating a habitat preference. This potential habitat preference is important to acknowledge. 
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I f  infestation of lakes by highly dissected plants reduces floating leaved habitats, the niche that the four 
species occupy may be lost. 
Invertebrate Taxonomic Composition 
The majority of species with high correlation coefficients along the PCA axes were not insects. 
Zooplankton and other small crustaceans such as amphipods, as well as naidid worms and gastropods 
explained most of the variation in invertebrate distribution among the three plant architecture types. 
Highly dissected plants had a large number of individuals from these non-insect groups, sometimes 
magnitudes higher than associated with the other plant architecture types. Because of their small size, 
zooplankton are often not considered in studies of macroinvertebrates, with most studies that use 
epifaunal sampling having focused the study on either the zooplankton or macroinvertebrate 
communities, but rarely both considered together (Cyr and Downing 1984; Schmude et al. 1998; 
Cheruvelil 2003). The high abundances of invertebrates found on the highly dissected M. spicatum and 
M. heterophyllum were mostly due to the increased numbers of H. azteca, N. stylaria, and cladocerans. 
Conclusions 
The general patterns presented by the data support the idea that invertebrate abundance is 
determined by many factors other than plant biomass. The amount of surface area that a plant type 
provides influences the density of individuals that are able to colonize it. This study suggests that this 
has a large impact on zooplankton and other small crustaceans as they colonize highly dissected plants 
in much larger numbers than the more simple architecture groups studied here. In lakes where highly 
dissected plants are dominant, the density of invertebrates on all plant architecture types increases. 
However there were no other significant changes in other community indices measured. The results of 
this study contrast with those that found no differences in invertebrate densities according to plant 
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architecture types. Rather, the results were more in agreement with studies such as Cheruvelil et  al. 
(2003) that view milfoil infestation as a dynamic gradient rather than just an architecture type, due to 
the differences in invertebrate abundances at different levels of highly dissected plant dominance in a 
lake. 
The implications of this study are threefold. Dominance of highly dissected plants, especially 
milfoils, in the Central Adirondacks of New York State has the potential to not only decrease habitat 
types available because of reduced abundance of natural macrophyte species, but can also increase 
invertebrate populations due to large proportions of zooplankton, amphipods, and oligochaetes. 
Management of invasive aquatic plant species is critical. Much of the published literature on 
the topic reveals relationships between not only plant architecture type and invertebrate colonization, 
but also that invasive aquatic plants reduce the biodiversity of native plants, thus reducing available 
habitat variation for other aquatic organisms. Little ecological information involving temporal changes 
in ecosystem structure and function following invasive species introductions is available due to the lack 
of monitoring prior to introductions (Blossey 1999). However, a shift in species composition should not 
require other evidence to justify control of invasive species; the alteration of the surrounding biological 
communities is evidence in itself. 
literature Cited 
Barko, J.W., James, W.F., 1998. Effects of submerged aquatic macrophytes on nutrient dynamics, 
sedimentation, and resuspension. In: Jeppesen, E., S¢ndergaard, M., Christoffersen, K. (Eds.), 
The Structuring Role of Submerged Macrophytes in Lakes. Springer, New York, pp. 197-217. 
24 
Beckett, D.C., T.P. Artila and A.C. Miller. 1992. Invertebrate abundance on Potamogeton nodosus, effects 
of plant surface area and condition. Canadian Journal of Zoology 70:300-306. 
Blossey, Bernd. 1999. Before, during, and aher: The need for long term monitoring in invasive plant 
species management. B iological Invasions 1:301-311. 
Boylen, C. W., L. W. Eichler, and J. D. Madsen. 1999. Loss of native aquatic plant species in a community 
dominated by Eurasian watermilfoil. Hydrobiologia 415:207-211. 
Britton, Nathaniel and A. Brown. 1913 An Illustrated Flora of The Northern United States, Canada And 
The British Possessions, Volume 1 .  Charles Scribner's Sons. New York, New York. 
Brown and Manny, 1985. c.L. Brown and B.A. Manny, Comparison of methods for measuring surface 
area of submerged aquatic macrophytes. J. Freshwater Ecology 3:61-68. 
Brown, c. L., T. P. Poe, J. R.P. French and D.W. Schloesser. 1988. Relationships of phytomacrofauna to 
surface area in naturally occurring macrophyte stands. Journal of the North American 
Benthological Society 17: 1 29-139. 
Callaway, R. M., and E. T. Aschehoug. 2000. Invasive plants versus their new and old neighbors: a 
mechanism for exotic invasion. Science 290: 521-523. 
Carpenter, S.R. and Lodge, D.M., 1986. Effects of submerged macrophytes on ecosystem processes. 
Aquatic Botany. 26, pp. 341-370. 
Center for Aquatic and Invasive Plants. Brasenia schreberi, Lin·e Drawing. University of Florida. 
Gainesville. 1990. 
Center for Aquatic and Invasive Plants. Myriphyllum heterophyllum, Line Drawing. University of Florida. 
Gainesville. 1990. 
Center for Aquatic and Invasive Plants. Myriphyllum spicatum, Line Drawing. University of Florida. 
Gainesville. 1990. 
Center, T. D. ,  J. H. Frank, and F. A. Dray. 1997. Biological control, pp. 245-266 in Simberloff D., Schmitz 
D.C. Brown T.C., eds. Strangers in Paradise: impact and management of nonindigenous species 
in Florida. Washington DC: Island Press. 
Cheruvelil, Kendra Spence, Soranno, Patricia A., Madsen, John D., Roberson, Marla J. 2002. Plant 
architecture and epiphytic macroinvertebrate communities: the role of an exotic dissected 
macrophyte. Journal of the North American Benthological Society. 21: 261-277. 
Chilton, E.W., II. 1990. Macroinvertebrate communities associated with three aquatic macrophyte 
stands (Ceratophyllum demersum, Myriophyllum spicatum, and Vallisneria americana) in Lake 
Onalaska, Wisconsin. Journal of Freshwater Ecology 5:544-566. 
Crowder LB, McCollum EW, Martin TH. 1998. Changing perspectives on food web interactions in lake 
littoral zones. In: Jeppesen E, Sondergaard M, Sondergaard M, Christoffersen K (eds) The 
structuring roles of submerged macrophytes in lakes. Springer, New York, pp 240-249. 
Cyr and Downing, 1988. H. Cyr and J.A. Downing, The abundance of phytophilous invertebrates on 
different species of submerged macrophytes. Freshwater Biology 20:365-374. 
de Szalay F.A. and V.H. Resh. 2000. Factors influencing macroinvertebrate colonization of seasonal 
wetlandsL responses to emergent plant cover. Freshwater Biology 45:295-308. 
de Szalay, F.A. and V.H. Resh. 1996. Spatial and temporal variability of trophic relationships among 
aquatic macroinvertebrates in a seasonal march. Wetlands 16:458-466. 
Dibble, E.D., K.J. Kilgore, and G.O. Dick. 1996. Measurement of plant architecture in 7 aquatic plants. 
Journal of Freshwater Ecology 11:311-318. 
Dibble, E.D., S.M. Thomaz, A.A. Padial. 2006. Spatial complexity measured at a multiscale in 3 aquatic 
plant species. Journal of Freshwater Ecology 21:239-247. 
2 S  
Douglas, G.W., D.V. Meidinger, and J. Pojar (editors). 1999. Illustrated Flora of British Columbia. Volume 
3: Dicotyledons (Diapensiaceae Through Onagraceae). B.C. Ministry of Environment, Lands & 
Parks and B.C. Ministry of Forests. Victoria. 
Downing, J.A. 1986. A regression technique for the estimation of epiphytic invertebrate populations. 
Freshwater Biology 16:161-173. 
Gordon, D. 1998. Effects of invasive, non-indigenous plant species on ecosystem processes: les�on from 
Florida. Ecological Applications 8:975-989. 
Halstead. 2003. Hedononic analysis of effects of a nonnative invader (Myriophyllum heterophyllum) on 
New Hampshire (USA) lakefront properties. Environmental Management 32:391-398. 
Hauxwell, J., G. W. Osenberg, and T. K. Frazer. 2004. Conflicting management goals: manatees and 
invasive competitors inhibit restoration of a native macrophyte. Ecological Applications 14:571-
586. 
Heck KU,  Orth RJ (1980) Seagrass habitats: the roles of habitat complexity, competition and predation in 
structuring associated fish and motile macroinvertebrate assemblages. In: Kennedy VS (ed) 
Estuarine perspectives. Academic Press, London, pp 449-464. 
Herbarium of Arizona State University. Plants of Arizona: Myriophyllum spicatum L. Arizona State 
U niversity. 1991. 
26 
Herbarium of  Arizona State University. Plants of Arizona: Potamogeton natans. Arizona State University. 
1999. 
Herbarium Desert Botanical Garden (DES). Nymphaeaceae of Arizona - Nymphaea odarata . 1990. 
Jones J. I., Moss B., E aton J. W., Young J. O. 2000. Do submerged aquatic plants influence periphyton 
community composition for the benefit of invertebrate mutualists? Freshwater Biology 43: 591-
604. 
Kornijow, R., D.G. Ramesh and T. Ozimek et a 1 1995. Food preference of freshwater invertebrates: 
Comparing fresh and decomposed angiosperm and filamentous alga. Freshwater Biology 
33:205-222. 
Krecker, F.H. 1939. A comparative study of the animal populations of certain submerged aquatic plants. 
Ecology 4:553-562. 
Lillie, R.A. and J. Budd, 1992. Habitat architecture of Myriophyllum spicatum as index to habitat quality 
for fish and macroinvertebrates. Journal of Freshwater Ecology 7(2): 113-125. 
Madsen, J.D. 1991. Resource allocation at the individual plant level. Aquatic Botany 41: 67-86. 
Madsen, J. D., Madsen, R.M. Stewart, K.D. Getsinger, R.L. Johnson, and R.M. Wersal. 2008. Aquatic plant 
communities in Waneta Lake and Lamoka Lake, New York. Northeastern Naturalist 15:97-110. 
McCune, B. and M. J. Mefford. 1997. PC-ORD For Windows. Multivariate Analysis of 
Ecological Data. Version: 4.0. MjM Software. Gleneden Beach, OR 
Merritt, R.W., K.W. Cummins, and M.B. Berg, eds. 2008. An Introduction to the Aquatic Insects of North 
America. 4th Ed., Kendall/Hunt Publishing Co., Dubuque, Iowa. 
Minshall, G.W. 1984. Aquatic insect substratum relationships. In V.H. Resh and D.M. Rosenberg (eds.) 
The Ecology of Insects, Praeger Publishers. New York: NY. 
Needham, J. G. 1903. Aquatic insects of New York State. Part 3. Life histories of Odonata, suborder 
Zygoptera. New York State Museum Bulletin 68:218-279. 
Olguin, E. J., G. Sanchez-Galvan, and T. Perez-Perez. 2007. Assessment of the phytoremediation 
potential of Salvinia minima Baker compared to Spirodela polyrhiza in high-strength organic 
wastewater. Water, Air, and Soil Pollution 181 : 135-147. 
Pennak, R.W. 1989. Freshwater Invertebrates of the United States. 3rd edition. John Wiley and Sons, inc. 
New York, NY. 
Persson, L. and Crowder, L. 1998, Fish habitat interactions mediated via ontogenetic niche shifts, The 
Structuring Role of Submerged Macrophytes in Lakes. 
Phillips, E.C. 2008. Invertebrate colonization of native and invasive aquatic macrophytes in Presque Isle 
Bay, Lake Erie. Journal of Freshwater Ecology 23:451-457. 
Pimentel, D. (2002) Biological invasions: Economic and environmental costs of alien plant, animal, and 
microbe species. CRC Press, New York. 
2 7  
Pimentel, D., Lach, L., Zuniga, R., Morrison, D. (1999) Environmental and economic costs associated with 
non-indigenous species in the United States., Cornell University, College of Agriculture and Life 
Sciences, Ithaca, New York. 
R: A Language and Environment for Statistical Computing. R Development Core Team, R Foundation for 
Statistical Computing. Vienna, Austria, 2009. <http://www.R-project.org> 
SAS Institute Inc., SAS Version 9.1.3, Cary, NC: SAS Institute Inc., 2002-2004. 
Schmude, K. L., M. J. Jennings, K. J. Otis, and R. P. Piette. 1998. Effects of habitat complexity on 
macroinvertebrate colonization of artificial substrates in north temperate lakes. Journal of the 
North American Benthological Society 17:173-80. 
Sher-Kaul, S., B. Oertli, E. Castella and J.B. Lachavanne. 1995. Relationship between biomass and surface 
area of six submerged aquatic plant species. Aquatic Botany 51:147-154. 
Sioey, D., T. Schenck, and R. Narf. 1997. Distribution of aquatic invertebrates within a dense bed of 
Eurasian milfoil (Myriophyllum spicatum L.). Journal of Freshwater Biology 12:303-313. 
Smith and Barko. 1990. Ecology of Eurasian watermilfoil. Journal of Aquatic Plant Management 28:55-
64. 
Steye rma rk, J u l i a n .  Flora of Missouri. Iowa State U n iversity Press, 1963. 
Accessed at < http://www. m issou r ip lants.co m/> 
Taniguchi H., Takano S. & Tokeshi M. (2003) Influences of habitat complexity on the diversity and 
abundance of epiphytic invertebrates on plants. Freshwater Biology, 48, 718-728. 
Theel, H.J., E.D. Dibble and J. D. Madsen. 2008. Differential influence of a monotypic and diverse native 
aquatic plant bed on a macroinvertebrate assemblage; an experimental implication of exotic 
plant induced habitat. Hydrobiologia 600:77-87. 
Thomaz, S.M., E.D. Dibble. 2009. Use of fractal dimension to assess habitat complexity and its influence 
on dominant invertebrates inhabiting tropical and temperate macrophytes. Journal of 
Freshwater Ecology 24:93-102. 
The University of Texas Herbarium. Flora of Texas, Myriophyllum heterophyllum. The University of Texas. 
2000. 
Wilkommen am Botaschen Institut. Myriophyllum spicatum (photograph). Universitat Karsruhe. 2004. 
Accessed at <http://www.botanik.unikarsruhe.de/> 
28 
Tables and Figures 
Table 1: Level of milfoil infestation in the sampled lakes. 
Lake Floating Pond weed Milfoils Infestation 
Fihh x x Dominant 
Sixth x x x Dominant 
Seventh x x x Dominant 
Raquette x x x Common 
Long x x x Common 
Little Tupper x Rare/No Observed 
Utowana x Rare/No Observed 
Limekiln x Rare/No Observed 
29 
Table 2. Characteristics of invertebrate commun ities by plant type ( a lpha = 0.05) 
Moderately H ighly 
F loating D issected Dissected F Va lue P Va lue 
I nd iv idua ls/g d ry biomass 30 127 .3  604. 3  33 .53 < 0.0001 
I ndiv iduals/m2 343.6 905.6 1828.2 194.41 <0.0001 
Richness 9 8 17 35 .52 <0.001 
Shannon Divers ity I ndex 1 .75 1 .65 2 . 13  17 .09 <0.001 
Evenness 0.82 0.82 0.83 1 .83 0.0961 
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Table 3 .  Characteristics of invertebrate commun it ies by plant a rch itecture and milfo i l  i nfestation .  
Arch itecture Floating Moderate Dissected 
H ighly Dissected P lant Rare/ None 
I nfestation Level Dominant Common Observed Dominant Common Dominant Common 
I ndividuals/g d ry biomass 29 63 19 153 91 629 567 
I nd iv idua ls/m 2 240 741 263 1012 712 1944 1644 
Richness 9.0 9.0 9.0 8.0 7 .0 17 .0 18 
Shannon Diversity 1.85 1 .64 1 .72 1 .74 1 .53 2 .35 2 .29 
Evenness 0.86 0.79 0.81 0.84 0.81 0.84 0.80 
3 1  
Table 4. R2 and ANOVA ana lysis for taxon h ighly correlated with PCA. 
Taxon Axis 1 
R2 F va lue P value 
Ol igochaeta: Sty/aria 0.99 17.44 <0.0001 
Cladocera: Sid idae 0 .58 13 .52 <0.0001 
Cladocera : Macrothrycidae 0.47 18.49 <0.0001 
Cladocera : Chydoridae 0.42 22.91 <0.0001 
Cope pod spp. 0 .32 14.41 <0.0001 
Diptera: Dicrontendipes 0.27 6 .1  0.0028 
Odonata: Cordu/egaster 0.22 5 .13 0.0005 
Taxon Axis 2 
R2 F value p value 
Amphipoda : Hyalle/a azteca 0.99 5 .77 <0.0038 
Trichoptera: Oxyethira 0.22 5.45 0.0052 
Table 5 .  
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Table 6. Mean density (number of ind iv idua ls/m2) of i nsects on each plant type 
H ighly Moderately 
I n sect Taxon Dissected F loating Dissected 
H i rud i nea 
H i rudinea spp. 0.4 0 1 
Coleoptera 
Gyrinus 2 .8  0.4 0 
Colembola Sminthuridae Spp 0.6 0.4 0.9 
Diptera 
Ceratopogonidae Bezzia 29.4 5.9 2.7 
Ch i ronomin i  
Dicrotendipes 21 . 2  6 . 6  3 .5  
Glyptoptendipes 0 0 2 .2  
Hyporhygma 0 7 .2  0 
Polypedilum 143.9 9.8 2 1.2  
Orthocladi inae 
Cricotopus/Orthocladius 203 1 34 
Bri/lia 0.9 0 0 
Corynonuera 19.6 7 .3 3 .6 
Eukief!erella 4. 1 7 .6  5 .9  
Hydrobaenus 8.8 1.6 14.5 
Nanoclodius 24.8 9 .7  37 .7  
Orthocladius 15 .3  14.8 10 
Cricotopus 123 .8  25 .5 26 .9 
Tvetenia 10.6 0.4 24.9 
Tanypodinae 
Ablabesmyia 1.4 0.6 17 .2  
Labrudinia 1 .4  3 .1  3 .7  
Larsio 3 . 3  0 . 7  4.3 
Tanytars in i  
Tanytarsus/Microspectra 1.4 0 .3  3 . 1  
Paratanytarsus 120 43 51 .6  
Tanytarsus 0.9 7 . 3  16 .9 
Microspectra 0 0 12 .4 
Ephemeroptera 
Baetiscidae Baetisco 0 0 .2  0 
Baetidae Callibaetis 0 0 0 .2 
Caenidae Caenis 41 11  6 .6  
Ephemerellidae 0.5 0.7 0.3 
Heptageniidae Cynigmula 0 0 0 .2  
Spp 1 .8  0 .6  4 .1  
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H ighly Moderately 
I n sect Taxon Dissected Floating Dissected 
Hemiptera 
Heteroptera 0 5 .8 0 
H i rud i nea 
Rhynchobdel l ida G loss iphoni idae He/obdella 0 0 0.2 
Lepidoptera 
Paraponyx 2 . 5  1 . 1  0 
Megaloptera 




Cordulegastridae Somatocho/ra (a/bicincta) 13 15 19.9 
Cordu l i idae/Libe l l u l idae 3.5 0 3 .2  
Gomphidae 0 0 0.4 
L ibe l l u l idae 0 0 6.2 
Zygoptera 
Coenagrionidae Enallagma 46.7 2.9 22 
Trichoptera 
Hydropti l idae 
Hydrapti/a 0 0 1 .6  
Oxyethira 1 . 1  6 .4 49.7 
Leptoceridae 
Oecetis 8 .1  0 .2  27 .4  
Polycentropodidae 
Po/ycentropus 6.6 0 5 .7  
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Table 7. Crustacean densit ies on each plant type. 
Highly Moderately 
Crustacea Taxon Dissected F loating Dissected 
Crustacea Cladocera 
Bosmonidae 3.3 0 0 
Chydoridae 167 16 27.6 
Macrothric idae 65 27 .1  184.3 
Branch iopoda Polyphemus Pediculus 31 .2  5 .6  0 .7  
Sididae 177 39 142 
spp 0 51 .4 7 . 1  
Crustacea Copepoda 
Cyclopoid 184.2 40.4 263.2 
Amphipoda 
Hyallela azteca 142 8 1 
Isopoda 
Ase l l idae 0 2 . 1  0 . 3  
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Table 8. Sorensen Quotient of S imi la rity between invertebrate taxonomic composition of plant arch itecture types 
Moderately d issected vs. H ighly Dissected Moderately d issected vs. F loating Floating vs. H ighly d issected 
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F igure 3. Herbar i um sa mp le  of Myriophyllum spicatum 
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F i gure 4. H erbari um sample of Myriophyllum hererophylillm. 
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Figure 5 .  Line drawing, Brasenia schreberi. 
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F igu re 6. Herbar ium example of Nvmphaea odorata 
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F igu re 7 .  Herba r i u m  example of Potamageton natans 
-l3 
Figure 8. L ine drawing of Potamogeton natans. Britton, Nathanie l  and A. Brown. 1913 An Illustrated 
Flora of The Northern United States, Canada And The British Possessions, Volume 1 .  Charles Scribner's 
Sons. New York, New York. 
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F i gure 9. Photograph of Myriophyllum helerophyllul11. S teyermark, J u l ian .  Flora a/ Missouri. 
I owa State U n ivers i ty Press, 1 96 3 .  Accessed at < hnp://www . m i ssouriplants . com/> 
-l6 
Figure 10 .  Photograph of Myriophyllum spicatum. < h ttp://www . botanik . u ni-karl sruhe.de/> 
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Nuphar lutea 
F igure 12 .  Li ne Drawing, Nuphar lutea. Douglas, G.W., D.V. Meid i nger, and J. Pojar (editors ) .  1999. 
I l l u strated F lora of Brit ish Columbia .  Volume 3: Dicotyledons ( Diapensiaceae Through Onagraceae) .  B .C .  
M in istry of Environment, Lands & Parks and B.C.  M i n istry of Forests. Victor ia .  
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n opr ene 
Figure 13 .  Downing Box diagram ( Downing, 1984) .  
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F igure 1 4 .  Down ing B o x  u sed i n  sampl ing.  
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F igure 16. Rel atio nsh ip between plant  su rface area and mass of  Nymphaea odorata 
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F igure 17 .  Relat ionship between plant  su rface a rea and  mass  of  Potamogeton natans 
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Brasenia schreberi 
y = 431 . 1 6x + 7. 842 
1 40 
1 20 - ��.- - - -- .- --- - -- - - --- . - - -- -- -_.-._---- * 
/ -M 
E 1 00 
(J -









0 0 . 05 0 . 1 0 . 1 5  0 . 2  0 . 25 0 . 3  
P l a nt We i g ht 
F igure 18. Relatio nsh ip  between plant su rface a rea a n d  mass for Brasnia schreberi 
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F igure 19. Relat ionsh ip  between p lant  s u rface a rea � n d  mass for Nuphar lutea. 
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H i gh l y  D i ssec ted F l oa t i ng Modera te l y  D i ssec ted 
P l an t  Arch i tec ture Type 
F igure 20. Boxplot i n vertebrate de nsity/m2 p l an t .  The boxplot depicts the samp le mean,  m i n i m u m ,  lower q u a rt i l e  (Q1 ) ,  med ian ,  u p per quart i le (Q3) ,  
and s a m ple max i m u m .  
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P l an t  Arch i tec ture Type 
F igure 2 1 .  I n d iv idua ls  per gra m d ry p lant  b iomass by arch itecture type. The boxplot depicts  the sample mean,  m i n i m u m ,  lower q uart i le  ( Q l ), median,  
u pper  q ua rt i l e  (Q3) ,  and sample maxi m u m .  
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F igure 2 2 .  Shan non Diversity I n dex ( H ' )  by p lant  type. The boxplot depicts the  sample mea n,  m i n i m u m ,  lower quart i le  ( 01 ), median ,  u pper quart i le  (03) ,  
a n d  sample max i m u m .  
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D i s sec ted F l oa t  i ng Moder a te 
P l an t  Arch i tec ture Type 
F igure 2 3 .  Boxplot : Species r ich ness by p lant  type. The boxplot depicts the sample mean, m i n i m u m, lower q uar t i le (Ql ) ,  median ,  u pper quart i le  (Q3) ,  and  
sample  max i m u m .  
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D i ssec ted F l oa t i ng Modera te 
P l an t  Arch i tec ture Type 
F igure 24. Boxplot,  Species even ness by p lant  type The boxplot de picts the sam ple mea n,  m i n i m u m ,  lower q ua rt i le  (Q1 ) ,  med ian ,  u pper qu art i le  (Q3) ,  
and sample m a x i m u m .  
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Individuals pEr gram dry plant biomass by mi lfoi l i nfestation level 
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F igure 2 5 .  I nvertebrate dens i t ies  by m i l fo i l  i nfestat ion leve l .  The boxplot depicts the sam ple mean, m i n i mum,  lower quart i l e  (Q1 ) ,  median ,  u pper q uart i le  
( Q3) ,  a n d  samp le  max i m u m .  
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F igure 26 .  Shannon  Diversity I n dex ( H ' )  by m i lfoi l  i nfestat ion leve l .  The boxplot depicts the sam ple mea n,  m i n i m u m ,  lower q u a rt i le  (Q1) ,  med ian ,  u pper 








F igure 27 .  PCA p lot of i nvertebrate density per m2 of p lant .  Colored squares  i n d icate c lusters  among p lant  
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F igure 2 8 .  Density of S. lacustris on each p lant  type.  The boxplot de picts the sa mple mean,  m i n i m u m ,  lower quart i l e  (Q1 ) ,  median,  u pper quart i le  (Q3) ,  
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F igure 29 .  Density of t h e  c h i ronomid Dicrotendipes on each p lan t  type.  The boxplot depicts the sample mean, m i n i m u m ,  lower q uart i le  (Q1 ) ,  median,  
u pper q u a rt i l e  (Q3) ,  a n d  sample max imum.  
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F igure 30. Den sity of the  Odonate Cord u l l idae Somotochlora on each p lant  type . The boxplot depicts  the  sample mean,  m i n i m u m, lower q uart i le ( Q 1 ), 
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F igure 3 1 ,  Density of the Odonate Coenagr ion idae Enallagma on each p lant  type, The box plot depicts the sample mean, m i n i m u m ,  lower q uart i le  ( Q l ), 
median,  u pper  q u a rt i l e  ( Q3 ) ,  and samp le  max i m u m ,  
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Figure 3 2 .  Density of the Tri copteran O:n ·elhiro on each p l ant  type. The boxplot depicts t he sample mean ,  m i n i mum,  lower q uart i le  (Q1 ) .  med ian ,  
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F igure 3 3 .  Density of Hyol/e/o ozteca on each p lant  type.  The boxplot depicts the  sam ple mean,  m i n i m u m ,  l ower q ua rt i le  (Q1) ,  median ,  u pper q u art i le  
(Q3) ,  a n d  sample max i m u m .  
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F igure 34. Dens ity of C l adocera n Macrot hr ic idae on each p l ant type. The boxplot depicts the sample  mean, m i n i m u m ,  lower q u a rt i le (Ql) .  med ian ,  
u p per  q u a rt i le  (Q3) .  a n d  sample  maxi m u m .  
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F igure 35. Dens i ty of the Cladoceran Chydor idae on each p lant  type. The boxplot dep icts the sam ple mean, m i n i m u m, lower q uart i le  (Q1 ) ,  med i a n ,  
u pper q u a rt i l e  ( Q 3 ) ,  and samp le max i m u m .  
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F igure 36. Dens i ty of the C lad oceran S id idae on each p lant  type. The boxplot depicts t h e  sample mean, m in imum,  lower q ua rt i le  ( Q 1 ) , median,  u p per 
q uart i le  ( Q3 ), and sample maxim u m .  
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